The N-terminal serine and four conserved lysine residues near the N-terminus of yeast histone H4 are acetylated. We found that a mutation that changed the fourth lysine to alanine resulted in specific derepression of the silent mating type locus HML, while mutations that altered the N-terminal serine or the first three lysines had only minor phenotypic effects. Our results support an active role for histone H4 in the silencing of gene expression at this locus.
Histone H4 is a very highly conserved protein, both in sequence and in its pattern of posttranslational modifications. The first four lysine residues of yeast histone H4 are acetylated (7, 12, 21) , and the N-terminus is blocked (4), presumably by acetylation (21) , but the function of these modifications is not well understood. In view of the conservation of this region, it is surprising that strains carrying deletion mutations of the N-terminal portion of yeast histone H4 are viable (15) . However, mutants carrying some N-terminal deletion mutations show defects in mating, especially in a mating type cells. This mutant phenotype is qualitatively similar to the phenotype of ardl mutants, which have been studied in our laboratory (25, 26) . In both cases, the a mating defect results from expression of the silent mating type locus HML-a (15, 25) . Since ARD1 has recently been shown to be required for N-terminal acetylation in Saccharomyces cerevisiae (19), we were interested in knowing whether the effects of ARD1 were mediated through histone acetylation.
We began by confirming the ardl defect in N-terminal acetylation. In wild-type yeast cells, most proteins synthesized with a serine following the initiator methionine residue, such as histone H4, are acetylated after being processed by methionine aminopeptidase (1, 11, 24) . We produced n-galactosidase with an N-terminal serine by expressing a ubiquitin-serine-,-galactosidase fusion protein in yeast cells (2) . This fusion is rapidly processed in wild-type cells by a deubiquitinating enzyme to yield free ubiquitin plus serine-,-galactosidase, which is subsequently acetylated (9) . However, when the same serine-p-galactosidase was purified from ardl mutant cells by immunoprecipitation and sequenced, an unblocked serine residue was found at its N-terminus. These results confirm that ardl mutant cells are defective in acetylating N-terminal serine residues.
To see whether a defect in N-terminal acetylation of histone H4 could explain the a-specific sterility of ardi mutants, we constructed mutations in the histone H4 gene that would prevent N-terminal acetylation. The N-termini of proteins in S. cerevisiae are processed in four different ways depending upon the identity of the amino acid residue following the initiator methionine (1, 11) . Based on the * Corresponding author.
assumption that the N-terminus of histone H4 is processed in the same fashion, we changed the serine that follows the initiator methionine in wild-type yeast cells to amino acids that resulted, after processing, in an acetylated N-terminal amino acid (Gly or Ala), acetylated methionine (Glu), nonacetylated methionine (Ile), or nonacetylated amino acid (Val or Pro).
The mutations were constructed by oligonucleotide-directed mutagenesis (16) on a plasmid that carries a histone H4 gene derived from HHF2 (6) . Mutated histone H4 genes were subcloned into a plasmid (pECH3+H4, Fig. 1A ) that carried the histone H3-H4 gene cluster (replacing the wildtype H4 gene). Plasmid pECH3+H4 also contains a yeast centromere and the URA3 gene as a marker that can be selected against in the presence of 5-fluoroorotic acid (5-FOA) (3). The wild-type and mutant plasmids were transformed into a diploid strain, P219, that was heterozygous for deletions of the two unlinked loci coding for the histone H3 and H4 genes (6, 23) . The transformants were sporulated, asci were dissected, and the haploid spore colonies were replica-plated to 5-FOA plates. Strains carrying deletions of both chromosomal copies of the H3 and H4 genes were unable to lose the plasmid, which became the sole source of histones H3 and H4, and were therefore unable to form papillae on 5-FOA plates. The absence of both chromosomal copies in these strains was confirmed by Southern blot analysis. effect. This effect was specific to a mating; the mutant was phenotypically wild type for a mating, rate of growth, and sporulation. The mating defect of the Ala-16 mutant was the result of expression of the silent mating type locus HML-a, as shown by Northern (RNA blot) analysis (Fig. 2 ).
Changes at other lysines had only small effects on mating proficiency. For example, when Lys-5, Lys-8 and Lys-12 were changed to arginine or alanine, the strain grew more slowly than the wild type, but mating efficiencies decreased only slightly. However, some role for these residues was suggested by the observation that the Arg-5-Arg-8-Arg-12-Arg-16 mutant a cells mated more poorly (0.0009) than expected from the combined effects of the Arg-16 (0.5) and Arg-5-Arg-8-Arg-12 (0.2) mutations (Table 2) . Although Lys-16 was clearly the most important position, all four lysine residues may be necessary for complete repression of silent mating type locus HML. Diploids bearing some of the histone H4 mutations sporulated poorly compared with the wild-type diploids. Diploid yeast strains carrying either wild-type or mutant histone H4 were generated by crossing strains of opposite mating type that had been obtained as described above. These strains were sporulated, and their sporulation frequencies were determined and normalized to that of a strain carrying wild-type histone (Table 3) . Substitution of all four lysine residues with either arginine or alanine decreased sporulation as much as deleting the entire N-terminal region (deletion d2). Only those diploid strains lacking all four lysine residues showed a significant reduction in sporulation freWe characterized these strains for their growth rates and mating efficiencies as described before (8); the results of these experiments are shown in Table 1 . In no case did alteration of the state of N-terminal processing or acetylation of histone H4 affect either the growth rate or mating efficiency. Therefore, N-terminal acetylation of histone H4 is not required for repression of the silent mating type loci, and ARDI cannot function through N-terminal acetylation of histone H4.
Since these results also showed that the effects of N-terminal deletions of histone H4 are not related to the normal acetylated N-terminal serine, we examined the effects of mutations that change internal acetylated lysines (Fig. 1B , Table 2 ). The most dramatic effect was seen when Lys-16 was changed to alanine (Ala-16). This single-amino-acid change led to complete abolition of a mating type proficiency. Changing Lys-16 to arginine (Arg-16) (10) and that sodium butyrate, an inhibitor of histone deacetylase (5), induces structural changes in chromatin (18, 20, 22) and differentiation of erythroid cells (17) and stimulates transcription (14) . If histone acetylation blocks repression of the silent loci, then some of the genes (SIR] through SIR4 [13] ) required for this repression may be involved in deacetylation. An alternative interpretation of our results is that Lys-16 may be involved in some important interaction with either DNA or another protein that is independent of its acetylation state and that Arg but not Ala can mimic this interaction.
After this article was submitted, Megee et al. (Science 247:841-845, 1990) published similar results. In their case, the mutant with Arg residues at positions 5, 8, 12, and 16 was inviable. A possible explanation for this difference is that we used the HHF2 locus and Megee et al. used the less highly expressed HHFJ locus as the source of histone H4 gene product.
We thank Fred Winston for kindly providing plasmids and yeast strains, Brian Seed, Jennifer Doudna, and Rachael Green for synthesis of oligonucleotides, Hong Sun for help with photography, and Dan Finley for discussions and comments on the manuscript. This work was supported by a grant from Hoechst AG.
